Cowpea protoplasts became infected following inoculation either with particles of cymbidium ringspot virus (CyRSV) or with CyRSV RNA. About 50% of the protoplasts were infected by inocula that contained polyethylene glycol, but fewer were infected by inocula that contained poly-L-ornithine. About 20 pg of virus accumulated per infected protoplast. Cordycepin and actinomycin D inhibited virus multiplication in protoplasts inoculated with virus particles or with RNA, lowering both the proportion of protoplasts becoming infected and the virus yield per infected protoplast. Infected protoplasts supported the replication of a satellite RNA and reacted cytologically to infection by forming multivesicular bodies presumably derived from peroxisomes.
Recently, it was reported that Chenopodium quinoa protoplasts could be infected with the tombusvirus cymbidium ringspot virus (CyRSV) using inocula containing either polyethylene glycol (PEG) or citrate buffer and poly-L-ornithine (PLO). Up to 35 % of the protoplasts became infected when inoculated by either method (De Varennes et al., 1984) .
In an effort to find another protoplast system, which might prove to be more practical and convenient for the study of the replication of tombusviruses, we have tested the suitability of cowpea protoplasts for studying infection with CyRSV. In this paper we show that cowpea protoplasts can be successfully inoculated with CyRSV and describe the effects of some factors on the outcome of the inoculation.
The CyRSV isolate was the same as that used in previous studies (Martelli & Russo, 1981 ; De Varennes et al., 1984) . The virus was purified and RNA was extracted from virus particles as described by . Protoplasts were isolated from cowpea plants [Vigna unguiculata (L.) Walp. cv. Blackeye Early Ramshorn] as reported by Hibi et al. (1975) or by floating peeled cowpea leaves on a solution containing 0.05~ Macerozyme R-10 and 1 Cellulase Onozuka R-10 (Kinki Yakult, Nishinomiya, Japan) in 0-6 M-mannitol for 1 h at room temperature and then overnight on 1% Cellulase. Protoplasts produced by either procedure were able to sustain virus multiplication for at least 5 days. The percentage of protoplasts infected was estimated by indirect staining with fluorescent antibodies (Maule et al., 1980) and the amount of virus produced in infected protoplasts was assessed by ELISA (Clark & Adams, 1977 ) using a twofold dilution series of purified virus for calibration. In preliminary experiments, infectivity assays and immunosorbent electron microscopy (Roberts & Harrison, 1979) gave results very similar to those given by ELISA.
Cowpea protoplasts were inoculated using PEG as described for C. quinoa protoplasts (De Varennes et al., 1984) with inocula containing 10 ~tg virus per 106 protoplasts. When PLO was used, 5 to 10 ml of a mixture containing 50 to 100 I.tg virus, PLO at 1 ~tg/ml and the appropriate buffer (at 0.01 M) was kept at room temperature for 10 min and then poured onto a pellet of 2 x 106 to 4 × 106 protoplasts. Inoculation with virus RNA was carried out by the PEG procedure using 25 ~tg RNA per 106 protoplasts. After inoculation, protoplasts were washed three times with 0.6 M-mannitol containing 10 mM-CaC12 and cultured as described by Rottier et al. (1979) . l" Poly-L-ornithine was present at a final concentration of 1 ~tg/ml (+) or absent (-).
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:~ The proportion of protoplasts surviving culture for 40 h that were stained by indirect fluorescent antibody staining.
§ Inoculation using PEG. shows the effect of three inoculation buffers on the infection of cowpea protoplasts with CyRSV. The most effective buffer (up to 35 ~ infection) was Tris-HC1; inocula containing citrate or phosphate buffer induced about 15~ and 20~ infection, respectively. When the three buffers were compared directly in pairs and at pH 4.8 to 6.0 for citrate, pH 6-0 to 7.4 for phosphate and pH 7.2 to 8.4 for Tris-HC1, the relative efficiencies of the three buffers were the same as that shown in Table 1 even when compared at the same pH. For instance, citrate and phosphate at pH 6 gave 7~ and 18~ infection, respectively; phosphate and Tris-HCI at pH 7.4 gave 16~ and 25 ~, respectively. It can thus be concluded that the buffer anion is more important in stimulating infection than is the pH value. When inocula contained these On: Sat, 05 Jan 2019 17:25:15 (Table 1, expt. 3), about 5 0~ fewer protoplasts became infected. Presumably PLO is not essential for infection because CyRSV particles have a net positive charge even at pH 7.6 (Hollings et al., 1977) , and cowpea protoplasts have a relatively small negative charge (Takebe, 1977) . When inoculation in a buffered medium was compared with inoculation using PEG, the latter was consistently more efficient, yielding about 5 0~ infected protoplasts. The PEG method was therefore used throughout the rest of the experiments.
The effect of some antibiotics was tested by adding them to inoculated protoplasts soon after inoculation (about 20 min after virus and protoplasts had come into contact) or at various times after inoculation. Table 2 shows that whereas cycloheximide strongly depressed infection, gentamicin and chloramphenicol had no effect on the infection rate or on the amount of virus produced per infected protoplast; gentamicin (25 ~tg/ml) was added to the standard incubation medium. The lack of inhibition by chloramphenicol suggests that 70S ribosomes are not involved in the synthesis of virus protein. Cordycepin and actinomycin D inhibited virus multiplication in protoplasts inoculated either with virus particles or with R N A (Table 2, expt. 2 and 3). Both the percentage of protoplasts infected and the virus yield per infected protoplast were reduced, indicating that host transcription is required at an early phase of the infection process, such as uncoating [as suggested by Mayo & Barker (1983) for other viruses] and at later stages of virus multiplication. Inhibition was also observed when the chemicals were added at 14 h, when uncoating had already taken place.
The time course of CyRSV synthesis was followed by assaying protoplasts at intervals after inoculation (Fig. 1) . Virus was first detected by fluorescent antibody staining 12 h after infection and the proportion of protoplasts stained increased rapidly until 36 h after which it remained more or less constant during the rest of the culture. In three similar experiments, one of which is shown in Fig. 1 , an 'eclipse' period of 6 to 8 h was evident when no increase in virus concentration could be detected by ELISA or by counting the number of virions in protoplast extracts with the electron microscope or by local lesion infectivity assays on C. quinoa (not shown). The concentration of virus was lowest 6 h after infection and increased rapidly from 8 h. The final yield of virus per infected protoplast was about 20 pg, or 1-5 x 106 particles assuming a particle mass of 8.8 x 106 daltons by analogy with other tombusviruses (Martelli, 1981) .
CyRSV replication was also followed by using a Northern blot method (Thomas, 1980) . Total nucleic acid was extracted from infected protoplasts using the procedure described for whole tissue , denaturated with formamide and glyoxal and separated by electrophoresis in a slab gel of 1"2~o agarose (Covey et al., 1983) . RNA was then transferred to a nitrocellulose filter and hybridized under conditions described by Maule et al. (1983) with 32p_ labelled cDNA prepared by using random priming (Taylor et al., 1976) on RNA extracted from CyRSV particles, which contain genome and satellite RNAs (GaUitelli et al., 1985) . Genome and satellite RNAs were detected at 12 h (the earliest sample taken) and onward together with other CyRSV specific RNAs (Fig. 2) .
Thin sections of infected protoplasts, prepared as described by De Varennes et al. (1984) , showed that cytoplasmic multivesicular bodies derived from peroxisomes were present in infected cowpea protoplasts, as they are in infected tissues of Nicotiana species and Gomphrena globosa (Russo et al., 1983) .
In summary, it has been show that large proportions of populations of cowpea protoplasts are susceptible to infection by intact CyRSV particles and, to a lesser extent, CyRSV RNA. Protoplasts support CyRSV multiplication to an extent comparable to that occurring in leaves of the hosts (N. benthamiana or N. clevelandii) commonly used to propagate the virus (i.e. 100 to 300 ng virus/g tissue). They also support the production of satellite RNA and react cytopathologically to infection like leaf cells. Thus, the cowpea protoplast system seems to be suitable for studying molecular events in the replication of CyRSV and, we hope, of other tombusviruses. We prefer to use cowpea protoplasts for these experiments rather than C. quinoa protoplasts because it was found both easier to infect a large proportion of the former and more convenient to grow suitable cowpea plants rapidly in a controlled environment.
